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values for our sample to be very similar to those of
Emamian ct al. (2004) and also to those of Schwab ct al.
(2005) and the CEPH sample (Table 3). Schwab et al.
(2005) also suggested increased recombination in the
region between SNP2a and SNP3 based on a decrease in
D' in this region compared to neighbouring regions. By
genotyping all markers in the same CEPH individuals
used in the intemational HapMap project, our data agree
with this finding (data not shown).

4.1. Conclusions

In a bid to replicate association of AKT!/ with
schizophrenia, we genotyped those polymorphisms that
provided evidence for association in samples of both
European and Japanese origin and also undertook a
pairwise analysis across the locus in a large UK based
case control sample. None of our findings survive
correction for even modest degrees of multiple testing,
and therefore we must conclude that our study does not
provide robust support for the hypothesis. However, in
our sample, we find (uncorrected) support for a phased
4 marker haplotype that was significantly associated in
the original positive association study (Emamian et al..
2004) and which also shows non-significant trends in
the same direction in the only other sample of white
European origin (Schwab et al.. 2005), (p=0.11, 2-
tailed) and, notwithstanding a very low frequency, in
the positive Japanese study (lkeda et al., 2004), (p=
0.18). This phased haplotype also shares 3 alleles with a
significant phased 3 marker haplotype in a Japanese
sample (lkeda et al., 2004). Thus, while our study does
not provide strong support, the current evidence for
association between AKT! across different studies re-
mains intriguing, and worthy of further investigation.
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Abstract

Systematic linkage disequilibrium (LD) mapping of 8p12-21 in the Icelandic population identified neuregulin 1 (VRGI) as a prime
candidate gene for schizophrenia. However, results of replication studies have been inconsistent, and no large sample analyses have been
reported. Therefore, we designed this study with the aim of assessing this putative association between schizophrenia and NRG!
(especially HAPcg region and exon region) using a gene-based association approach in the Japanese population.

This study was a two-stage association analysis with a different panel of samples, in which the significant association found in
the first-set screening samples (1126 cases and 1022 controls) was further assessed in the confirmation samples (1262 cases and
1172 controls, and 166 trio samples). In the first-set scan, 60 SNPs (49 tagging SNPs from HapMap database, four SNPs from other
papers, and seven SNPs detected in the mutation scan) were examined. -

One haplotype showed a significant association in the first-set screening samples (Global P-value=0.0244, uncorrected). However, we
could not replicate this association in the following independent confirmation samples. Moreover, we could not find sufficient evidence for
association of the haplotype identified as being significant in the first-set samples by imputing ungenotyped SNPs from HapMap database.

Abbreviations: NRG1, neuregulin 1; SNP, single nucleotide polymorphism; GGF2, glial growth factor 2; LD, linkage disequilibnium; dHPLC,
denaturing high performance liquid chromatography; MAF, minor allele frequency; TDT, transmission disequilibrium test; UTR, untranslated region.
* Comesponding author. Department of Psychiatry, Fujita Health University School of Medicine, Toyoake, Aichi 470-1192, Japan. Tel.: +81 562 93
9250; fax: +81 562 93 1831.
E-mail address: ikeda-ma@fujita-hu.ac.jp (M. Ikeda).
! These authors contributed equally to this work.
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These results indicate that the positionally and functionally attractive regions of NRGI are umlikely to contribute _to
susceptibility to schizophrenia in the Japanese population. Moreover, the nature of our results support that two-stage analysis with
large sample size is appropriate to examine the susceptlblllty genes for common diseases.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Schizophrenia; Neuregulin 1; Association study; False positive; Linkage disequilibrium

1. Introduction

Schizophrenia is a common psychiatric disorder with
a lifetime prevalence of 1% worldwide. Family, twin
and adoption studies show conclusive evidence of a
substantial genetic component in this disorder. Progress
towards detecting these genetic elements is now being
made (Harrison and Weinberger. 2005).

The neuregulin 1 gene (NRG/) was first repoxtcd to
be a prime candidate gene for schizophrenia in the
Icelandic population (Stefansson et al., 2002). The
significant association of a haplotype Was detected in the.
5'-region of glial growth factor 2 (GGF2) isoforms, and
this at-risk haplotype, consisting of five single nucleo-
tide polymorphisms (SNPs) and two microsatellites,
was named as HAP 5. Several subsequent studies pro-
vided the following evidence to support this association
with schizophrenia.

Firstly, the location of this gene corresponds to the
linkage regions for schizophrenia (8p12--21, OMIM:
SCZ5), which were identified by recent meta-analyses
of genome-wide linkage studies (Badner and Gershon
2002; Lewis et al., 2003). Secondly, recent evidence
suggests that mutation within the NRG/! region might
give rise to functional alterations that are in line with the
neurodevelopmental hypothesis and glutamate/GABA
hypothesis of schizophrenia (Corfas et al., 2004).

Thirdly, several independent association studies have
replicated the original significant association found by
Stefansson et al. (2002). However, the results of rep-

lication studies using the identical number or fewer sets .

of markers have been inconsistent. Thus, while some
research groups did not report any association .(lwata
et al.. 2004), other studies showed a positive association
but showed different ‘at-risk’ haplotypes to be associated
with schizophrenia (Harrison and Law, 2006).

These inconsistent results could stem from the
possibility that NRG/ is not involved in the etiology of
schizophrenia in all populations. However, this incon-
sistency could be a consequence of the unique structure of
the human genome. In other words, differences in linkage
disequilibrium (LD) among populations may also be
responsible for the differences in the results, and the
negative findings may only indicate a failure to reflect the

actual predisposing variants due to the differences in
populations.

Therefore, gene-wide (or reg10n-w1de) replication
analysis based on LD pattern within the NRG region is
essential to detect an association in a certain population

~ setting (Neale and Sham, 2004). In such analyses, par-

ticular attention should be paid to selection of genetic
variants which adequately reflect the LD background in
the targeted population (e.g. tagging SNPs).

Although the above-mentioned LD-based association
analysis is based on the common disease—common variant
hypothesis, one smdy reported an association between
NRG! and schizophrenia from the standpoint of the
common disease-rare variant hypothesis (Walss-Bass
et al., 2006). The authors scanned the whole exon region,
detected a non-synonymous SNP in exon 11, and showed
a significant association of this SNP with schizophrenia.
Detection of rare but potent functional variants relies on
large mutation scan samples; however, such rare variants
may also differ among populations (Pritchard, 2001).

Thus, in this study, we first focused on two attractive
regions: the 5’ regions of GGF2, where the original study
showed the association (henceforth referred to as ‘HAPcg
region’) and the exon region (henceforth referred to as
‘exon region”). In the exon region, prior to association
analysis of tagging SNPs, we performed a mutation scan
in order to detect the existence of possible potent func-
tional variants in the ethnic samples. In addition, this
study was a two-stage association analysis with a different
panel of samples, in which the significant association in
the first-set screening samples (1126 cases and 1022
controls) was further assessed in confirmation samples
(1262 cases, 1172 controls, and 166 trio samples). This
approach was adopted in order to avoid the possibility of
type I or type II error.

2. Methods and materials

. 2.1. Subjects

Two independent sample sets were used in this study.
For the first-set screening analysis, 1126 patients with
schizophrenia (627 male and 499 female; mean age+
standard deviation (SD) 47.0+15.3 years) and 1022
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healthy controls (530 male and 492 female; 38.8+
14.5 years) were examined. Confirmation analysis was
conducted with three samples consisting of: (a) 1262
patients with schizophrenia (662 male and 600 female;
49.1+14.5 years) (b) 1172 controls (576 male and 596
female; 41.7+14.3 years), and (c) 166 family trios
samples (of the patients, 91 male and 75 female; 30.0+
8.3 years).

The subjects for mutation search were 96 patients with
schizophrenia. These subjects were also included in the
“first-set samples. 385 cases and 336 controls in the first-
set samples, and 349 cases (including 84 cases from
family samples) and 424 controls in confirmation samples
are identical to those in our previous report (Iwata et al.,
2004) and Fukui ct al.’s (2006) report, respectively.

Characterization details and psychiatric assessment of
these subjects were as follows. The patients were di-
agnosed according to DSM-IV criteria consensus of at
least two experienced psychiatrists on the basis of
unstructured interviews and review of medical records.
All healthy controls were also psychiatrically screened
based on unstructured interviews. All subjects were ethni-
cally Japanese.

After the study had been described to subjects, writ-
ten informed consent was requested from each. This
study was approved by the ethics committees at Fujita
Health University, Teikyo University, Okayama Uni-
versity, Osaka University, Niigata University and
Nagoya University Graduate School of Medicine.

2.2. Mutation scan

We performed denaturing high performance liquid
chromatography (dHPLC) analysis, details of which can
be seen in a previous paper (lkeda et al., 2005). Primer
sequences were designed in accordance with another
report (Walss-Bass et al., 2006).

2.3. Tagging SNP selection

We included the three signal SNPs (SNPSNR(G221533,
SNP8NRG241930 and SNPSNRG243177) from the report
of Stefansson et al. (2002) (we excluded SNPSNRG221132
and SNPSNRG433E1006 from the first-set analysis due to
low minor allele frequencies (MAFs) in the Japanese
population), one positive SNP from the report of Walss-
Bass et al. (2006), and SNPs we detected in the mutation
scan. Next we consulted the HapMap database (release#19,
population: Japanese in Tokyo (JPT), MAF: more than
0.05). In this step, we determined the boundaries of the
‘HAP ¢ regions’ that cover 5’ regions including 19,425 bp
and 155,564 bp downstream (3") from the significant SNPs

(SNP8NRG221132 and SNP8NRG433E1006, respec-
tively) in Stefansson’s report (Table 1 and Supplementary
Fig. 1) (Stefansson et al., 2002), and of the ‘exon regions’

. that cover 5’ regions including 120,576 bp from the first

exon and 3510 bp downstream 3’ from the last exon
(GenBank accession No. NT_007995: Tablc 2 and Sup-
plementary Fig. 2). Then fifteen and thirty-four ‘tagging
SNPs’ for the HAPicr regions and exon regions, re-
spectively were selected with the criterion of an 72 threshold
greater than 0.8 in ‘Aggressive tagging: use 2- and 3-
markers haplotypes” mode of the ‘Tagger’ program (dc
Bakker et al., 2005), a function of HAPLOVIEW software
(Barrett ct al., 2005).

2.4. SNP genotyping

All SNPs were genotyped by TagMan assay (Applied
Biosystems Japan Ltd, Tokyo).

The genotyping of C#5, C#6, C#7 (which were pos-
itive SNPs in the first-set screening analysis) was done
with 768 randomly selected samples (384 cases and 384
control subjects) with direct sequencing to check for
genotyping error. Detailed information including primer
sequences of custom TagMan SNP genotyping assays
can be seen in Supplementary Tables 1 and 2.

Table 1

First-set case control analysis of HAPcg region
Markers SNP ID P-values
1-- 2- 3-
window windows windows
HAPg#l rs12674974 0794 181
HAPce#2 rs4513929 .846 -384 196
HAPcg#3 SNPSNRG221533 .188 '397 620
HAPcg#4 rs10096573 .200 i 414 462
HAP,ce#5 4733263 310 o 267
HAPg#6 rs4733263 274 '399 578
HAPcg#7 SNP8NRG241930 .724 '1 13 326
HAP£#8 SNP8NRG243177 .288 ’ 520 492
HAPc£#9 rs4733267 .769 ’ .889 190
HAPe#10 rsl32_77456 .862 -7?6 .847
HAP,cg#11 1513274954 as71 o0 255
HAP;cg#12 1512677942 312 '.).“ 128
HAPcg#13 rs4403369 0803 548
HAPcg#14 rs4566990 625 '628 525
HAPcg#15 rs13270788 ) 541 .730 699
HAPcg#16 rs1503491 813 -866 ‘ 0960
HAPg#17 1s2202262 .704 '324 0653
HAPcg#18 rs10087212 682 ’
HAP#4-#5 414
HAPcg#14-#16 247
HAP g#15-#16 .730
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Table 2
First-set case control analysis of exon region
Markers SNP ID P-values®

1- 2- 3-

window windows windows
C#1 rs10503915 116 0603
C#2 rs7016691 231 371 349
CH#3 1511782671 472 '474 296
C#H4  rs10103930 168 '3,),, .508
C#5 rs10503917 699 6;8- 0935
CH6 rs10107065  .765 .]38 .0244
C#7 rs6468118 138 '154 : 174
CH8 rs7000590 .0939 ']07 158
MS1 rs7820838 110 '142 .181
MS2 rs7834206 .149 .0879 145
CH9 _ 154236709 0786 '187 352
C#10 rs13260545 .0994 .248 403
C#il rs4316112 948 ‘144 .0984
C#12 rs2439305 .196 '130 132
C#13 rs7826814 715 .851 129
C#14 152466064 .690 '“3 436
MS3 13924999 .162 l 13 0699
C#15 rs10954864 .803 .969 602
C#16 152439281 965 ’0725 301
C#17 rs9642729 .0680, .0988 137
CH18 112547858 0801 '457 523
C#19 rs10098373 .801 .835 654
C#20 rs10095694 .380 '727 872
MS4 13735774 .762 '7,)7 718
C#21 152466058 372 A5;6 587
C#22 12466052 .379 -2§6 .509
C#23 152466046 187 '37,, 431
C#24 rs10503923 546 ’ 47; 203
CH#25 ' rs2466084 310 '551 197
C#26 rs2976515 253 .654 563
C#27 rs4445183 .702 ‘484 500
C#28 rs2919377 151 '341 455
C#29 12919375 .819 '222 182
MS5 rs3735776 .740 -758 129
C#30 rs7007436 711 -815 866
C#31 rs3757934 758 '4,)1 562
MS7 rs4733376 .379 -3;6 357
C#32 rs4360253 357 -893 .789
C#33 rs7005288 .864 .812 738
C#34 16992642 .569 :
MSé6 ((‘#24—#30)b rs17731664 772
CH5-#11-#14 1.00
CH5-#14 180
C#16-#27 751
CH23-#26-4#28 245

? Bold number represents significant P-value.
® MS6 could be represented by the haplotypes constructed by
C#24-30. '

2.5. Statistical methods for conventional association
analysis

In the case—control samples, the marker—trait asso-
ciation was evaluated with the x’ test in allele- and

genotype-wise analyses. Haplotype frequencies were
estimated in a 2- to 3-marker sliding window fashion by
EM algorithm and Log likelihood ratio tests were per-
formed for Global P-values with COCAPHASE pro-
gram version 3.06 (Dudbridge. 2003). In the family
samples, the transmission disequilibrium test (TDT) and
3-marker haplotype analyses were performed with the
TDTPHASE program version 3.06 (Dudbridge, 2003).
In these haplotype-wise analyses, rare haplotypes (less
than 0.05) of cases and controls were excluded from the
association analysis in order to provide greater sensitiv-
ity and accuracy.
The significance level was set at P<0.05.

2.6. Imputation of ungenotyped SNPs

Our conventional haplotype-wise analysis was done in
a sliding window fashion, since our selection for tagging
SNPs was not based on the haplotype block concept.
Although this type of haplotype-wise analysis does not
adapt to the degree of LD, so that it is unclear which
markers should be considered jointly, it results in a higher
level of statistical power since it can reflect unknown
SNPs that were not included in the analysis. Considering
this, we included a recently developed method, imputa-
tion, to test for any SNPs that reflect the significant
haplotypes (Marchini et al., 2007). The IMPUTE program
imputes the genotypic distribution of un-observed SNPs
using observed SNP information (60 SNPs used in the
screening scan) and the HapMap database (fine-scale
recombination map, haplotype for JPT/CHP).

The targeted region for imputation was limited to
within known recombination hot spots, because our data
targeted only the HAPcg and exon regions. '

After imputation, we applied a Bayesian test with an
additive model to assess the association using SNPTEST
software (Marchini et al., 2007). Default values were
used in all settings needed in IMPUTE and SNPTEST
(e.g. effective population size for JPT/CHP, buffer, call
threshold for calling genotyped SNPs and number of
samples of genotypes that should be used for Bayesian
tests).

Table 3
Individual haplotype analyses from significant Global P-values in
first-set samples

haplotypes Case Freq Con Freq P-value Global P-value

(%) (%) :
C#5- 1-1-1 9.36 11.8 0104 0244
6-7 1-1-2 156 13.6 0896
1-2-2 65.8 655 .886
2-1-1 7.21 6.27 .300
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2.7. Power calcylation

Power calculation was performed with a web-based
statistical program, Genetic Power Calculator (Purcell
ct al.. 2003). Power was estimated under a multiplicative
model of inheritance, assuming the disease prevalence to
be 1% and the population susceptibility allele frequencies
to be the values observed in control samples.

3. Results
3.1. Mutation scan and first-set association analysis

We detected seven SNPs through dHPLC analysis of
the exon region (MS1-7: Table 2). One of them, MS3
(rs3924999), is a non-synonymous SNP (Gly38Arg)
and had shown a significant association in the Chinese
population (Yang ct al., 2003). The other SNPs were
located in an untranslated region (UTR) or branch site,
and may therefore have a functional effect (Table 2).

Next, 49 SNPs and 7 haplotypes were selected as
Tagging SNPs from the HapMap database. These SNPs
are located in the HAP k- and coding regions based on
the HapMap database (Tablcs 1 and 2).

Consequently, by involving 11 SNPs (the 7 SNPs we
detected and 4 SNPs reported in other papers (Stefansson ct
al., 2002; Walss-Bass etal., 2006)), a total of 60 SNPs were
genotyped in the first-set screening samples (however,
since we were unable to design a genotyping method for

one SNP that we detected (MS6) by TagMan Assay by
Design (Applied Biosystems), we determined the genotype
distribution of some samples (192 cases and 192 controls)
using a direct sequencing method. With these samples we
confirmed that MS6 could be represented by the
haplotypes constructed by C#24-30 in LD evaluation.).

The SNP for which significance was shown in the
report of Walss-Bass et al. (2006) was not polymorphic
in our samples.

Allele- and genotype-wise analyses did not show
association either the HAPcg region or the exon region.
In this haplotype-wise analysis, 3-marker haplotypes
of C#5-6-7 were associated with schizophrenia (Global
P-value=0.0244, uncorrected: Tables 1, 2 and 3, Supple-
mentary Tables 3 and 4). The genotyping of C#5, C#6, C#7
in a subset of the screening samples was re-confirmed by
direct sequencing, and the results were perfectly identical
to those shown by TagMan assay. Hence, we speculate that
it was unlikely that genotyping error had occurred.

3.2. Imputation of ungenotyped SNP for

first-set samples

Data for ungenotyped SNPs could not provide
sufficient evidence for association in either region
(Fig. 1). In particular, the weights of evidence for the
regions near the significant haplotypes in first-set
samples were less than one. Since weights of evidence
of at least four are required for evidence for association
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Fig. 1. Resuits of imputing SNP in the NRG! gene. The weights of evidence were calculated using imputed genotypes (red circles) and observed
genotypes (black circles). Data from SNPs that constructed the significant haplotype in the first-set samples are shown in blue circles. Dotted lines
indicate the estimated hot spots from the HapMap database. The SNP position from the HapMap release II database is plotted on the X axis.
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Table 4 .
Confirmation analysis of significant haplotypes from first-set analysis

Samples SNPID l-window 2-windows 3-windows
Case-control C#s 408 101
CHé 362 ’ 601 120
. C#7 37 ’
Family samples C#5 107 323 .
CH6 .964 ’ 84‘: 6 .505
C#7 499 ’
Combined samples C#5 976 591 .
CH6 .389 ’303 478
C#7 .801 ’

(if 1000 SNPs of 10,000,000 common human SNPs
might be associated with a disease, we may assign a prior
odds of association of 1/10,000. Therefore, a Bayes
factor more than 10,000 (or log;o [Bayes factor] more
than 4) is required (Balding, 2006)). Thus, these results
indicate a low probability for association in our sample.

3.3. Confirmation analysis of the positive haplotypes
using different cuse—control samples and family samples

To confirm the significance of exon region C#5-6-7 in
the first-set samples, we conducted a confirmation analysis
using independent case—control samples and family

samples. In these analyses, we could not replicate this -

association. To increase the power, we combined samples
(first-set and confirmation samples) but again we could not
detect an association in this explorative analysis (Table 4).

4. Discussion

In the present study, using three large and independent
samples, our data did not provide sufficient evidence for
associations between tagging SNPs in the HAPycg and
exon regions of NRG! and schizophrenia in the Japanese
population.

We could not replicate previous reports for the HAP g
region (Stefansson et al., 2002; Stefansson et al., 2003);
however, the results of this study are in concordance with
our previous replication study in the Japanese population
(schizophrenia=607, controls=515) (Iwata et al., 2004).
Another study (Fukui et al., 2006), however, examined
independent Japanese samples (belonging to one-third of
confirmation case—control samples) and reported a
positive association. Specifically, that study reported a
significant association of haplotypes constructed by three
core SNPs from Stefansson et al. (SNP§NRG221533
(HAPce#3). SNP8NRG241930 (HAP;ce#7) and
SNP8NRG243177 (HAPce#8)), and one more intronic
SNP (rs1081062), as well as a trend for association of
rs1081062. Since our tagging SNPs could not involve this

SNP (rs1081062), we found by consulting the latest
HapMap database (release#21a) that rs1081062 is
tagged by rs13274954 (HAP,ce#11); moreover, neither
HAPce#10 nor its haplotypes (HAPicp#3-7-8-11)
were associated with schizophrenia (Global P-value=
0.540). Therefore, the aforementioned positive report
could have been the result of type 1 error due to inadequate
sample size (schizophrenia=349, controls=424) (Fukui
et al., 2006). Or, as the authors speculated (Fukui et al.,
2006), the different clinical backgrounds (e.g. genetic
loading) in each sample could have led to inconsistent
results. In this regard, a recent study reported that DAOA/
(30, which is also a strong candidate gene for schizo-
phrenia, influences susceptibility to the symptomatology of
psychiatric disorders including schizophrenia and bipolar
disorder, but not to diagnosis itself (Williams et al., 2006).

In the coding region, our results indicated the im-
portance of controlling inflation of the type I error rate due
to multiple testing, when a significant association is ob-
tained in an analysis that involves several markers. In this
study we found significant associations only from
haplotype-wise analysis, not from allele- or genotype-
wise analysis. It is generally accepted that a haplotype-
wise analysis gives high power. At the same time,
haplotype-wise analysis, especially multi-marker analysis
or sliding-window analysis, tends to increase the chance
of false positive results, since numerous hypotheses are
examined. Bonferroni correction is typically used for
solving multiple testing problems; however, since mark-
ers are not independent due to the existence of LD,
Bonferroni correction is thought to be too conservative.

Therefore, we adopted two methods to validate the
observed association; firstly, we imputed ungenotyped
SNPs that might reflect a significant haplotype based on
observations including our genotypic distribution of tag-
ging SNPs and LD structure from the HapMap database.
However, our simulation suggests that results for ungeno-
typed SNPs do not provide sufficient evidence for asso-
ciation. In other words, there was no SNP which could
reflect a significant haplotype in the current data in
HapMap release II. Secondly, we examined independent
sets of samples for which a significant association was
obtained in the initial screening analysis. We considered
this to be the best strategy at present; however, the former
significance of the exon region haplotype could not be
replicated though independent case—control and family
trios samples.

It is unlikely that negative results are due to type 11
error since a large sample size was used in this study;
moreover, power analyses showed that the power was
more than 80% when genotype relative risk (GRR) was
set at 1.2-1.65 and 1.6~3.1 for confirmation case—
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control samples and family samples, respectively
(MAF =2.4% and 47%), under a multiplicative model
of inheritance in first-set screening samples.

Regarding interpretation of the results from this study,
several limitations should be mentioned: Firstly, we did
not screen the entire region of NRG/. On that point,
Corvin et al. showed an.independent ‘at-risk’ haplotype
close to an EST cluster of unknown function (Hs.97362)
within intron 1 of NRGI (Corvin et al., 2004). Secondly,
our samples were not assessed with the use of the standard
structured interview, and therefore have the possibility of
false negatives due to misdiagnosis or sampling bias.
Detailed association analyses with dense markers in the
entire region of NRG/ in well-phenotyped samples, in-
cluding symptomatology, are essential in future study.

In conclusion, these results indicate that the positionally
and functionally attractive regions of NRG/ are unlikely to
contribute to susceptibility to schizophrenia in the Japanese
population. Moreover the nature of our results support that
two-stage analysis with large sample size is appropriate to
examine the susceptibility genes for common diseases;
independent samples for examination of significance found
in screening results should be an integral part of experi-
mental design in genetic association analysis. Imputation
methods should also be used when only haplotype asso-
ciation shows significance, in order to check for possible
causal SNPs that can reflect the haplotype.
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Pathway-based association analysis of genome-wide
screening data suggest that genes associated with the
v-aminobutyric acid receptor signaling pathway are involved
in neuroleptic-induced, treatment-resistant tardive dyskinesia
Toshiya Inada®, Minori Koga®®, Hiroki Ishiguro®?, Yasue Horiuchi®®, Aoi Syu®,
Takashi Yoshio®, Nagahide Takahashif, Norio Ozaki® and Tadao Arinamic®

Neuroleptic-induced tardive dyskinesia (TD) is an
involuntary movement disorder that develops in patients
who have undergone long-term treatment with
antipsychotic medications, and its etiology is unclear. In
this study, a genome-wide association screening with
Sentrix Human-1 Genotyping BeadChip (lllumina, San
Diego, California, USA) was done for 50 Japanese
schizophrenia patients with treatment-resistant TD and 50
Japanese schizophrenia patients without TD. A tota! of
40573 single nucleotide polymorphisms that were not in
linkage disequilibrium with each other and were located in
the exonic and intronic regions of 13 307 genes were
analyzed. After gene-based corrections, P values for allelic
associations were subjected to canonical pathway-based
analyses with Ingenuity Pathway Analysis software
(Ingenuity Systems, Inc., Redwood City, California, USA).
Eight genes (ABAT, ALDH9A1, GABRAS, GABRA4,,
GABRB2, GABRAG3, GPHN, and SLC6A17) contained
polymorphisms with gene-based corrected allelic P values
of less than 0.05. They were aggregated significantly in 33
genes belonging to the y-aminobutyric acid (GABA)
receptor signaling pathway (P=0.00007, corrected
P=0.01). Associations were replicated in an independent
sample of 36 patients with TD and 136 patients without TD
for polymorphisms in SLC6A11 (GABA transporter 3)
(P=0.0004 in the total sample), GABRB2 (-2 subunit of
GABA-A receptor) (P=0.00007 in the total sample), and

introduction

Tardive dyskinesia (TD) is an involuntary movement
disorder that develops in patients undergoing long-term
treatment with antipsychotic medications. Introduction
of second-generation atypical antipsychotics has reduced
the occurrence of TD to approximately 1% compared
with the 5% frequency with typical agents annually [1,2].
Owing to the lack of effective treatments for TD,
however, therapeutic management of TD can be proble-
matic for schizophrenia patients receiving antipsychotic
medications, especially for those patients who develop
severe treatment-resistant TD. Therefore, the strategies
to prevent TD are often discussed in the context of the
safety and use of antipsychotic drugs.

1744-6872 © 2008 Wolters Kluwer Health | Lippincott Williams & Wiikins

GABRG3 (y-3 subunit of GABA-A receptor) (P=0.0006 in
the total sample). The results suggest that the GABA
receptor signaling pathway may be involved in genetic
susceptibility to treatment-resistant TD, at least in a
subgroup of Japanese patients with schizophrenia. The
present results suggest that benzodiazepines may be
considered as possible treatment option for

TD. Pharmacogenetics and Genomics 00:000-000 © 2008
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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To identify predisposing factors for TD, extensive
epidemiological studies have been conducted, and several
risk factors for TD have been identified. These include
increased age, female sex, presence of mood disorder,
mental retardation, prolonged treatment with antipsy-
chotic drugs, high-dose antipsychotic drugs, high total
cumulative dose, poor antipsychotic response, acute
extrapyramidal symptoms, use of antiparkinsonian drugs
or lithium, and predominance of negative symptoms [3].
TD, however, does not always develop in patients
deemed to be at high risk. The familial nature of patient
subgroups vulnerable to TD indicates that genetic factors
could play a critical role in susceptibility to TD [4].
Recently, molecular genetic studies of TD were con-
ducted to identify genes related to TD [5]. Alchough the
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pathophysiological mechanisms of TD remain unknown, a
number of mechanisms have been proposed, including
hypersensitivity of central dopaminergic systems [6],
oxidative stress-mediated neurotoxic damage [7], dys-
function of the serotonergic system [8], and y-aminobu-
tyric acid (GABA) insufficiency [9,10]. The TD
susceptibility gene loci likely encode proteins related to
these pathways.

The advent of single nucleotide polymorphism (SNP)
chips for genome-wide association analysis has made
screening of susceptibility genes for TD possible. In this
study, we carried out genome-wide association studies of
treatment-resistant TD in schizophrenia patients. Treat-
ment-resistant TD cases have been used to study the
genetic associations of genes of the central dopaminergic
systems [11-14] and the CYP2D6 genes [15] with TD in
patients susceptible and those not susceptible to TD.

The aim of chis study was to identify the pathway(s) in
which genetic variations influence susceptibility to
neuroleptic-induced TD. We used a web-based software,
‘Ingenuicy Pathway Analysis (IPA)’ to help the identifica-
tion of genes within known networks.

Methods

Ethical considerations

The study was initiated after approval by the ethics
committee of each institution. Written informed consent
was obtained from all patients after adequate explanation
of the study.

Patients

Patients were identified ac psychiatric hospitals located
around che Tokyo and Nagoya areas of Japan. All patients
satisfied the diagnostic criteria of the Diagnostic and
Statistical Manual of Mental Disorders, 4th Edition [16]
for schizophrenia. All patients and their parents were of
Japanese descent. All patients had been receiving
antipsychotic therapy for at least 1 year and their TD
status was monitored for at least 1 year. TD was assessed
according to the Japanese version of the Abnormal
Involuntary Movement Scale (AIMS). TD was diagnosed

Table 1

according to the criteria proposed by Schooler and Kane
[17]. Once TD was identified, the patients were followed
up and received standard therapeutic regimens for TD to
minimize TD symptoms. If TD persisted after more than
1 year of therapy, patients were considered potential
treatment-resistant TD patients. Treatment-resistant
TD patients were defined as those patients with
dyskinetic movements that persisted more than 1 year
and did not improve after at least 1 year of appropriate
treatment following guideline-recommended therapeutic
regimens for TD. Dyskinetic movements were judged to
be severe on the basis of either of the following
conditions: (i) patients with moderate or severe TD in
one or more AIMS seven anatomical areas, (ii) patients
with mild dyskinetic movements in two or more AIMS
seven anatomical areas, whose mild dyskinetic move-
ments developed within 5 years of their initial exposure
to antipsychotic agents. Patients in whom TD never
developed despite antipsychotic therapy for more than 10
years were recruited as control patients. Dyskinetic
movements were videotaped and ratings of TD were
assigned by trained raters who had completed the full
training process for drug-induced extrapyramidal symp-
toms and had been working in the project of TD study for
more than 5 years. Diagnosis of TD and severity of the
observed dyskinetic movements were determined by the
complete consensus of trained raters for all patients with
TD before genotyping.

A genome-wide association screening was done in 50
patients with TD and 50 patients without TD. Some
SNPs were genotyped in an independent population
consisting of 36 patients with TD and 138 patients
without TD. Ages and sex ratios did not differ
significantly between the TD group and the nonTD
group in the screening and confirmation samples.
Clinicopathological features of the patients are summar-
ized in Table 1.

Alchough most of the patients have been studied earlier
to determine the associations of dopaminergic and
CYP2D6 genes with TD [11-15], no correction for prior
statistical testing was made for this study.

Clinical characteristics of patients in the TD group and non-TD group

Genome-wide sample

Confirmation sample

TD {n=50) NonTD {n=50) TD (h=36) Non-TD {n=138)
Male : female ratio 29:21 29:21 18:18 88:50
Age (years) 56.6+177 585t11.5 68.0+15.7 555%+1.0
Duration of iliness (years) 36.0119.0 329+11.3 37.3+14.1 35.31+1.02
Current neuroleptic dosage 3641543 124112631 363+ 236 1116116
{chlorpromazine-eq. mg/day)
Recent 1-year cumulative neu- 1329521198042 452784+ 923763 132550186 292 407456+ 42245

roleptic dose (chlorproma-
zine-eq. mg/year)

Values are expressed as meant SD or number of patients. The patients had been receiving various kinds of typical and/or atypical antipsychotics depending on the
clinical situation at the study entry. Chlormpromazine-eq, chlorpromazine equivalents; TD, tardive dyskinesia.
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Genotyping and statistics

The Sentrix Human-1 Genotyping BeadChip (Illumina)
was used for genome-wide association analysis. The SNPs
on the chip are exon-centric and 57979 SNPs were in
exons and introns. In chis study, we analyzed SNPs in the
exons and introns of genes encoding known proteins or
predicted to encode proteins. Some SNPs on the chip
were in linkage disequilibrium with each other; therefore,
before association analysis, we selected tag SNPs by
analyzing the genotype data with the Haploview software
(htep:/fwww.hapmap.orgfindex.html) and running the tagger
procedure with the threshold of 7 > 0.8. In addition, we
excluded 135 SNPs because their genotype distributions
deviated significantly from the Hardy-Weinberg expec-
tancy (P < 0.05). A total of 40573 tag SNPs from the
exons and introns of 13 307 genes were analyzed in this
study.

We evaluated only allelic associations because genotype
associations require furcther correction for multiple
testing, which makes interpretation more difficult. A P
value of 1.3x 107® was considered significant for
genome-wide association after Bonferroni corrections by
the number of SNPs analyzed (40 573).

Canonical pathway analysis was performed as follows.
First, the gene-based associations were evaluated. We
corrected the allelic P value for each SNP by the number
of tag SNPs in the gene where each SNP is located
(Bonferroni correction). We refer to these corrected
allelic P values as gene-based corrected allelic P values.
We next assigned the lowest gene-based corrected allelic
P value to each gene. We then performed canonical
pathway analysis for cthese genes with the lowest gene-
based corrected allelic P values using IPA 5.0 (Ingenuity
Systems, Inc., Atzp:/fingenusty.com/). 1IPA is a robust and
expertly curated database containing up-to-date informa-
tion for more than 20 000 mammalian genes and proteins,
1.4 million biologic interactions, and more than 100
canonical pathways incorporating more than 6000 discreet
gene concepts. This information is integrated with other
relevant  databases such as EntrezGene  (hzp://
www.nchi.nim.nih.gov/siteslentrex?db = gene) and Gene Ontol-
ogy (Arep:/fwww.gencontology.orgl). Genes with gene-based
corrected allelic P values of less than 0.05 or 0.01 were
used as the input data set to query the IPA canonical
pathway analysis. Canonical pathway analysis identified
those pathways that were most significant to the input
data set. The significance of the association between the
data set and the canonical pathway was determined based
on a P value calculated with Fischer’s exact test by
calculating the probability that the association between
the genes in the data set and the canonical pathway is
due to chance alone [18]. Genes listed in the canonical
pacthway analysis are referred to as canonically analyzed
genes. In the IPA content version 1002 dated 30 October

Genome-wide screening of tardive dyskinesia Inada etal. 3

2007, 8640 genes were canonically grouped and SNPs
analyzed in this study were located in the exonic or
intronic regions of 6212 genes among the 8640 genes.
The 6212 genes belonged to 147 canonical pathways. A
significantly associated canonical pathway was defined as
a pathway with significantly more genes containing SNPs
with gene-based corrected allelic P values less than 0.05
or less than 0.01 chan the other pathways as calculated by
Fisher’s exact test and corrected by the number of
canonical pathways (147).

We genotyped S0 patients with TD and 50 patients
without TD. The power of this study was 0.78 assuming
the prevalence of TD of 0.2, frequency of risk allele of
0.2, genotypic relative risk (additive) of 2, and o level of
0.05. When the a level was set at 1.3 x 10'6, however, the
power was less than 0.1. The power was 0.8 to detect
polymorphisms with genotype relative risk of 4, even if
the o level was set at 1.3 x 1075, In the confirmation
sample with 36 patients with TD and 138 patients
without TD, the power was more than 0.8 to confirm
associations with genotypic relative risk of 2 and risk
allele frequency of 0.2 when the a level was set at 0.05
(one tailed).

Results

As shown in Table 1, there was no significanc difference
in the duration of illness between the TD group and the
non-TD group in the screening and confirmation samples.
Recent 1-year cumulative dosage was significantly lower
in patients with TD than in those without TD. This may
have been as a result of efforts to reduce the neuroleptic
dosage in patients with TD in line with guideline-
recommended therapeutic regimens for this condition.

To identify loci associated with susceptibility to TD, we
screened for SNPs associated with TD using 40 573 tag
SNPs on the Sentrix Human-1 Genotyping BeadChip
(Illumina). The lowest uncorrected allelic P value for
association with TD was 1 x 1075, Therefore, no SNP was
significantly associated with TD after Bonferroni correc-
tion. As shown in Table 2, the distributions of gene-based
corrected allelic P values of the SNPs analyzed for
association with TD were similar to those expected when
no association was assumed, though a slightly higher
number of SNPs showed lower P values than expected
when no association is assumed. Thus, as most low P
values are chance findings, some SNPs may acrually be
associated with TD, and genes containing one or more
SNPs with low P values may be candidates for genetic
susceptibility to TD. True associations, however, cannot
be determined without studies of additional populations.
We tried to confirm the associations of 14 SNPs with
gene-based corrected allelic P values less than 0.001 in
the confirmation samples (Table 3). No significant
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association was, however, observed for any of the SNPs
examined.

As shown in Table 4, the numbers of genes with gene-
based corrected allelic P values of less than 0.05 and 0.01
were 652 and 132, respectively. These numbers were
almost 5 and 1% of the 13307 genes analyzed. Of these
13307 genes, IPA assigned 2612 genes to 147 canonical
pathways. As many genes belong to more than one
canonical pathway, the number of overlapping genes
belonging to these 147 canonical pathways in IPA was
8640, and of these, 6212 had gene-based corrected allelic
P values in this study. We examined whether genes with
gene-based corrected allelic P values of less than 0.05 and
0.01 aggregated in specific canonical pathways. As shown
in Table 4, genes with gene-based corrected allelic P
values of less than 0.05 were found more frequently in
three canonical pathways, and those with P values of less
than 0.01 were found more frequently only in the GABA
receptor signaling pathways. Among the 6212 overlapping
genes, 268 had gene-based corrected allelic P values of
less than 0.05, whereas among the 33 genes in the GABA
receptor signaling pathway, eight had gene-based cor-
rected allelic P values below 0.05 (268/6212 = 4.8% vs. 8/
33 = 24%, nominal P < 0.00007, Fisher’s exact test). As
there were 147 canonical pathways, the P value corrected

Table 2 Distributions of allelic P values of SNPs associated with
TD by genome-wide association analysis

Gene-based corrected

allelic P values Genes analyzed SNPs analyzed
Range

P<0.0001 3 3

P<0.001 1 1

P<0.01 132 172°

P<0.05 652 846°
Total 13307 40573

® ®We considered these genes as the top 1 and 5% likely susceptibility genes for
TD in this study. SNPs, single nucleotide polymorphisms; TD, tardive dyskinesia.

for the number of canonical pathways in this study was
0.01. Although genes with gene-based corrected P values
of less than 0.05 also aggregated in the synaptic long-term
potentiation pathway and calcium signaling pathway, the
aggregations were not significant after correction for the
number of canonical pathways.

Genotype and allele distributions of eight SNPs in eight
genes associated with the GABA receptor signaling
pathway are shown in Table 5. We examined these SNPs
in the confirmation samples (Table 5). Among eight
SNPs, the associations were replicated in the confirma-
tion samples for SNPs in SLC6A11 (GABA transporter 3),
GABRB2 (B-2 subunit of GABA-A receptor), and GABRG3
(y-3 subunmit of GABA-A recepror).

Discussion

To our knowledge, this is the first report of genome-wide
association analysis for neuroleptic-induced TD. A
number of limitations, however, do exist. First, the
Sentrix Human-1 Genotyping BeadChip (Illumina) used
in this study is one of the first commercially available
chips for genome-wide association analysis. This chip
contains a relatively small number of SNPs. One
advantage of this chip is that SNPs contained on the
chip are relatively concentrated in the gene region of
interest. The chip contains 6680 nonsynonymous poly-
morphisms. We were able to examine associations
between some polymorphisms earlier reported to be
associated with TD. The G9S polymorphism (rs6280) in
the DRD3 gene and the 7Zagl A polymorphism
(rs1800497) near the DRDZ gene, which were found to
be associated with TD in several studies [19], are
included on the Illumina chip. Associations between
these SNPs and TD, however, were not found in this
study (P> 0.05). The P value was 0.03 for rs2296973 in
the HTR2A gene, which is in linkage disequilibrium with
102T/C (rs6313) (D' = t and r* = 0.73). The 102T/C was
found to be associated with TD in several studies [19].

Table 3 List of SNPs with gene-based corrected allelic P values of less than 0.001 associated with TD by genome-wide association

analysis
Genome-wide sample Confirmation sample
Gene-based

Gene Chromosome SNP ID Uncorrected P Number of tag SNPs corrected P Uncorrected P
ELOVL3 10624.32 rs10748816 0.00002 2 0.00005 0.12
BCOR Xp11.4 rs6609051 0.00001 4 0.00006 0.34
TCP10L 21q22.11 rs7281019 0.00004 2 0.00008 0.34
CBLC 19q13.31 rs10419669 0.00003 14 0.0004 - 0.48
SLC38A1 12q13.11 51444590 0.00002 22 0.0005 0.25
EHF 11p13 rs286925 0.00002 22 0.0005 0.32
TBCD 17q25.3 -rs3744165 0.00007 8 0.0006 “o.11
RBM17 10p15.1 rs2274359 0.0002 3 0.0006 0.32
DLGS 10g22.3 rs1058198 0.0001 5 0.0006 0.14
ABCCS8 11p15.1 rs886292 0.00005 14 0.0007 0.09
MAN1A2 1pt2 rs2306444 0.0002 4 0.0008 0.35
EDIL3 6q14.3 rs13153252 0.00002 39 0.0008 0.52
ANXA13 8g24.13 rs4242345 0.00004 24 0.0009 0.32
SMYD3 1q44 rs6426327 0.00001 91 0.0009 0.07

SNPs, single nuclectide polymorphisms; TD, tardive dyskinesia.
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Table 4 Canonical pathway analysis of genome-wide association findings

Genes with SNPs with gene-
Genes with ana- based corrected aflelic P values

Genes whose SNP with gene-
based corrected P values of

tyzed SNPs of less than 0.05 less than 0.01
Total number of
genes assigned
to the specific
Canonical pathway pathway Number Number P value Number P value Genes*
GABA receptor sig- 40 33 8 0.00007* 2 0.03 ABAT, ALDH9A1, GABRA3,
naling GABRA4, GABRB2, GAB-
RAG3, GPHN, SLC6AT11
Synaptic long term 67 56 8 0.003 2 0.08 ADCY1, CALM1, CAMK2G,
potentiation GRIN2B, ITPR1, ITPR2,
RPS6KA,
Calcium signaling 172 133 15 0.0008 2 0.32 CACNA1D, CACNB1,
CACNB2, CACNG3, CALM1,
CAMK2G, GRIA3, GRIN2B,
GRIN3A, HDACS, ITPR1,
ITPR2, NFATC1, PRKAG2,
TRDN
Total 8640 6212 268 54

GABA, y-aminobutyric acid; SNPs, single nucleotide polymorphisms.

®Genes with gene-based corrected allelic P values of less than 0.01 are shown in bold.
*P=0.01 after Bonferroni correction for the number of canonical pathways (147) examined in this study (0.00007 x 147=0.01).

We could not evaluate polymorphisms in the CYPIA2
gene in this study.

The second limitation is the small sample size. We
exclusively enrolled patients with clinically severe,
treatment-resistant TD that did not respond to recom-
mended therapies for TD. For this reason, the number of
patients was limited. Limited detection power for
associations and insufficient control for mulciple testing
owing to the small sample size are the major limitations.
Concerning detection power, the aim of this study was to
detect polymorphisms with relatively strong influence on
the development of TD, that is, with a genotype relative
risk of greater than 2. The type 2 errors are, however,
expected to be huge. In general, genome-wide signifi-
cance level requires P values of less than 10~ to control
for mulciple testing [20]. In this study, the lowest P value
was 1 x 1075 at rs6426327, which is located in an intron of
SMYD3. Therefore, detection of significant association
needs replication analysis in independent sample sets. We
examined 14 SNPs with low P values for association in
the confirmation sample. We, however, did not find
significant association for any of these SNPs.

The third limitation is that the patients wich severe TD
in this study may not have been a homogeneous group. In
fact, the patients with TD showing severe tardive
dystonia were observed in 15 cases in the genome-wide
samples and three cases in the confirmation samples. In
addition, mild cardive dystonias were also observed in
some of the remaining patients with TD. These patients
with TD showing tardive dystonia may be a subgroup
among TD patients. :

In this study, we used an alternative mechod of analysis to
evaluate associations - canonical pathway analysis. We
hypothesized that variations in multiple genes in certain
pathways contribute to neuroleptic-induced TD and that
P values for association of SNPs in genes belonging to
certain pathways may distribute disproportionately to-
ward lower values. We found potential association of the
GABA receptor signaling pathway with neuroleptic-
induced TD. We attempted to confirm eight SNPs
identified by canonical pathway analysis in a second
independent sample of cases, and the association was
confirmed for three of these eight SNPs. Although the
number of SNPs examined in the second sample was
small, the probability that an association is replicated for
three of eight SNPs is less than 0.01 by chance based on
Poisson distribution. Odds ratios greater than 2 for
association with TD were obtained for SNPs in SLC6A411,
GABRB2, GABRG3, and GABRA3 (Table 5).

Reduced activity in a subgroup of striatal GABA neurons
has been suggested as the basis of TD [6]. Gunne er 2/
f10] reported that decreased GABAergic activity in the
substantia nigra corrclates with enhanced oral activity in
rats and with neuroleptic-induced dyskinesia in monkeys.
Delfs er al. [21] reported an increase in levels of the
mRNA that encodes glutamic acid decarboxylase, the
rate-limiting enzyme in GABA synthesis, in the striatum
and pallidum of adult rats after long-term haloperidol
treatment, suggesting that decreased GABAergic trans-
mission may play a cricical role in the motor side effects
associated with long-term antipsychotic therapy. Our
present results suggest that genetic variations in GA-
BAergic systems may contribute to the pathophysiology
of TD. :
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Table 5 Genotype and allele distributions of the tag SNPs in the genes in the GABA receptor signaling pathway

Allele
Genotype counts in frequency
Chromo- Patients without With  With-  Allelic
Gene some SNP Population Patients with TD 1D T owtTD P* OR 95% Cl
ALDH9A1 1q924.1 rs12670 AA AC CC A AC CC A
First 2 22 26 0 13 36 0.24 0.13 002 23 1.1-4.79
Second 0 12 24 5 35 8 0.17 0.16 053 1.03 0.51-2.06
Sum 2 34 50 5 48 134 0.22 0.16 007 1.55 0.98-2.44
SLC6A11 3p25.3 rs4684742 AM AG GG AA AG GG A
First 10 28 11 4 20 25 049 0.29 0.003 24 1.33-4.33
Second 8 9 T 19 42 66 045 0.31 004 1.76 0.97-3.16
Sum 18 37 22 23 62 81 047 0.31 0.0004 2.04 1.38-3.00
GABRA4 4p12 rs853380 AMA AG GG AA AG GG A
First 28 15 7 36 13 t 071 0.85 0.02 231 1.15-4.65
Second 20 1" 84 47 7 073 0.78 023 131 0.72-2.39
Sum 48 26 1 120 60 8 072 0.80 004 155 1.02-2.36
GABRB2 5q34 rs918528 AA  AC CC AA AC CC A
First 0 14 36 3 24 23 0.16 0.30 0.01 263 1.30-6.35
Second 2 15 18 23 61 54 027 0.39 0.04 1.7 0.85-3.03
Sum 2 28 54 26 85 77 0.19 0.36 0.00007 2.38 1.54-3.67
GPHN 144233 rs6573744 AA AG GG AA AG GG A
First 9 22 18 2 19 27 041 0.24 001 219 1.18-4.06
Second 6 13 17 18 56 64 035 0.33 046 1.06 0.62-1.84
Sum 15 35 35 20 75 91 038 0.31 0.09 138 0.95-2.02
GABRG3 15qt12 rs2061051 AA AG GG AA AG GG A
First 1 19 30 13 16 21 021 0.42 0.001 2.72 1.46-5.08
Second 1 12 22 15 59 63 020 0.32 003 1.82 1.02-3.64
Sum 2 31 52 28 75 84 0.21 0.35 00006 208 1.36-3.19
ABAT 16p13.2 rs1641022 AA AC CC AA AC CC A
First 2 24 24 12 22 16 0.30 0.46 0.01 2.19 1.22-3.94
Second 5 17 13 15 Al 62 039 037 1 0.2 0.54-1.58
Sum 7 41 37 27 23 68 032 0.39 013 1.34 0.92-1.97
GABRA3 Xq28 rs11795489 AL AG GG AA AG GG A
First Male 21 8 29 0 077 0.96 0.002 6.59 1.83-238
First Female 13 8 0 18 3 0
Second Male 17 1 81 7 088 0.89 051 11 0.42-2.89
Second Female 13 3 1 38 11 1
Sum Male 38 9 110 7 082 091 002 224 1.19-4.18
Sum Female 26 11 1 56 14 1

95% ClI, 95% confidence interval; GABA, y-aminobutyric acid; OR, odds ratio; SNPs, single nucleotide polymorphisms; TD, tardive dyskinesia.

*By Fisher's exact test.

In previous genetic case—control studies, schizophrenia
patients were enrolled as soon as TD was identified. TD,
however, is considered a complex condition comprising
several heterogeneous traits that show various natural
courses and responses to therapeutic regimens for TD
[11]. In fact, even dyskinetic movements diagnosed as
TD sometimes disappear after appropriate therapy. In
some cases, the severity of TD fluctuates in response to
changes in the psychopharmacologic treatment. Treatable
cases of TD may not be considered as clinically
problematic as cases of treatment-resistant TD. In this
study, we enrolled only those patients who had treat-

ment-resistant TD for at least 1 year. Once TD
developed, we carefully managed and treated these
patients for at least 1 year to exclude those patients
with treatable TD from the study. Our present findings
suggest that GABA-mimertic drugs may be useful for
treating patients with treatment-resistant, neuroleptic-
induced TD.

The present results suggest that the GABA receptor
signaling pathway may be involved in the pathophysiology
of TD, at least in a subgroup of Japanese schizophrenia
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patients. If the present results are confirmed in other
populations, the GABA receptor signaling pathway may
be an important target for the prevention and treatment
of TD.
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The tachykinin receptor 3 (TACR3) gene encodes the neurokinin3
(NK3) receptor. Animal studies showed that agonist-induced
stimulation of the NK3 receptor leads to the excessive release of
dopamine in the ventral and dorsal striatal and prefrontal cortical
regions. Data from clinical trials of selective NK3 receptor antag-
onists in schizophrenia have shown significant improvement in posi-
tive symptoms. We performed an association study of the TACR3
gene in the japanese population of 384 schizophrenic patients
and 384 controls. Nine single nucleotide polymorphisms were

Keywords: association study, dopamine, neurokinin3 receptor, schizophrenia, tachykinin receptor 3

genotyped using TaqMan assays and polymerase chain reaction-
restriction fragment length polymorphism method. No significant
association between schizophrenia and these single nucleotide
polymorphisms was observed in single-marker and haplotype ana-
lyses. Our results suggest that TACR3 is unlikely to be related to the
development of schizophrenia in the Japanese population.
NeuroReport 19:471-473 © 2008 Wolters Kluwer Health |
Lippincott Williams & Wilkins.

Introduction

Schizophrenia is a severe, disabling and lifelong mental
disorder with a global prevalence of 1%. Although it is
generally accepted that genetic factors contribute to the
development of this disease, its etiology has not yet been
clarified.

The tachykinin receptor 3 (TACR3) gene located on
chromosome 4q25 encodes the neurokinin 3 receptor
(NK3). Its endogenous ligand is neurokinin B, a member
of the tachykinin peptide family. It is expressed in the
central nervous system and spinal cord [1]. Several animal
studies have been performed investigating the interaction
between NK3 receptors and dopamine (DA) and serotonin
(5-HT) pathways. First, stimulation of NK3 receptors in the
ventral mesencephalon increases DA release in the ventral
and dorsal striatum and prefrontal cortex [2,3]. Second,
infusion of NK3 receptor agonists into the ventral tegmental
area evokes DA-mediated behaviors, such as yawning and
chewing, which are potently inhibited by DA2 receptor
antagonists such as haloperidol {4,5]. Third, injection of NK3
receptor agonists into the raphe area elicits 5-HT-mediated
behaviors, such as head twitches, which are inhibited by 5-
HT2A/5-HT2C receptor antagonists [6,7]. Additionally, a
recent clinical study showed NK3 receptor antagonists
improved the positive symptoms in schizophrenia [8].
These results suggest that altered form and function of the
NK3 receptor might be related to the abnormalities of DA
and 5-HT signaling, one of the major hypotheses explaining
the pathophysiology of schizophrenia.

For all of these reasons, TACR3 was hypothesized to be
involved in the pathogenesis of schizophrenia. In this study,
we performed linkage disequilibrium (LD) analysis of the
TACR3 gene and carried out case—contro] association studies
between TACR3 polymorphisms and schizophrenia using
single-marker association analysis and haplotype analysis in
the Japanese population. :

Methods

Participants

A total of 384 patients with schizophrenia [231 men,
mean age + standard deviation (SD) 48.8 +14.4; 153 women,
53.0+15.9] and 384 controls (161 men, 40.8+15.6; 223
women, 39.5+13.8) were genotyped. All participants were
ethnically Japanese and unrelated to each other. The
schizophrenic patients, who were diagnosed according to
the DSM-IV criteria with the consensus of at least two
experienced psychiatrists on the basis of empirical diag-
nostic interviews and review of medical records, were
recruited from several psychiatric hospitals around the
Tokyo and Nagoya areas (within a 350km radius). All
healthy control participants with no current or past contact
with psychiatric services were also screened on the basis of
brief diagnostic interviews. This study was approved by the
Ethics Committee of the Nagoya University Graduate
School of Medicine, and written informed consent was
obtained from each participant.

0959- 4965 © Wolters Kluwer Health | Lippincott Williams & Wilkins
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Haplotype tag single nucleotide polymorphism selection
We first consulted the HapMap database (release #16¢c.1,
www.hapmap.org) and determined the LD block with the
criteria D’ > 0.8 using HAPLOVIEW ver. 3.2 software [9]. All
single nucleotide polymorphisms (SNPs) listed in the entire
coding region as well as the 500 bp upstream 5'-flanking
region and 500bp downstream 3'-UTR region (minor allele
frequency >0.05) were included in the LD analysis.
Haplotype tag SNPs (htSNPs) were defined as those
capturing 90% of the haplotype diversity within each LD
block using the same program. The Japanese portion of the
HapMap data was used for this procedure (Fig. 1).

Single nucleotide polymorphism genotyping

Genotyping of the htSNPs was carried out using TaqgMan
assays (Applied Biosystems, Foster City, California, USA)
and the PCR-restriction fragment length polymorphism
(RFLP} method (Table 1). TagMan probes and Universal
PCR Master Mix were obtained from Applied Biosystems. A
5-p] total reaction volume was used, and allelic-specific
fluorescence was measured using the ABI PRISM 7900
Sequence Detector System (Applied Biosystems). Detailed
information on the PCR method is available upon request.

Statistical analysis

Genotype deviation from the Hardy-Weinberg equilibrium
(HWE) was evaluated by the x° test. Single marker
association and haplotype analyses were performed with
SPSS version 11.0] (Tokyo, Japan) and COCAPHASE version
2.403 (http://portal litbio.org/Registered/Option/unphased; Dud-
bridge, 2003), respectively. The significance level for all
statistical tests was 0.05. Power calculations were per-
formed using the genetic statistical package Genetic Power
Calculator (http://pngu.mgh.harvard.edu/ ~ purcell/gpc/; Purcell
2001-2005).

Results

The TACR3 gene was composed of six LD blocks. One
nonblock SNP and eight htSNPs were finally selected
according to the criteria (Fig. 1). The genotype and allele
frequency of each htSNP in schizophrenic patients and

| 2 3 4 5

controls are summarized in Table 1. The observed genotype
frequencies of .all SNPs were within the distribution
expected according to HWE. Neither the genotype nor
allele frequency of any SNP differed significantly between
the schizophrenia group and the control group (Table 1).
The distribution of haplotype frequencies did not differ
significantly between the schizophrenic patients and con-
trols (Table 2). More than 80% power in detecting any
association with schizophrenia was obtained when the
genotype relative risk was set at 1.33-1.66 under a multi-
plicative model of inheritance.

Discussion

Our study indicates that the TACR3 gene does not play a
major role in the development of schizophrenia in the
Japanese population, as no significant differences in allele,
genotype, or haplotype frequencies of the selected SNPs
were found between schizophrenic patients and controls. As
it is, however, suspected that genetic risk factors for
schizophrenia may differ between races or ethnicities, a
replication study including different ethnic populations is
needed to validate these results.

As mentioned in the Introduction, the NK3 receptor was
reported to regulate the DA and 5-HT release or concentra-
tion at the synapse. It would therefore be valuable to
investigate the gene—gene interactions between TACR3 and
other DA or 5-HT signaling related genes [10]. Furthermore,
the 5-HT1A receptor partial agonist tandospirone is re-
ported to be effective as an adjunctive treatment to improve
cognition in patients with schizophrenia [11]. As the NK3
receptor is thought to have the potential for indirect
influence on the 5-HT1A receptor through 5-HT release,
association analysis using samples with data on the
cognitive function might help elucidate the pathogenesis
of schizophrenia.

A couple of limitations in this study should be consid-
ered. First, the male/female ratios and average ages did not
match between schizophrenic patients and controls. When
we performed a multiple regression analysis, there were no
effects of age or sex on the disease status (data not shown).
Additionally, these effects might be small because not likely

7 8

AGAC 638 GCAAMTAGIGIGA 366. 6CAC 552 A 614 GTTCTGOGAGARANCCT 829: GTCTATICGBEECTATIATIT 470
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I 4.rs12641703 l I
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Fig.1 Genomicstructure of TACR3 with haplotype tag single nucleotide polymorphisms (SNPs) and haplotype frequencies in each linkage disequilibrium
block provided by HapMap database V.16. Numbers under or above the arrows represent the SNPs we selected in this study.
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